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Abstract
The Pointing and Alignment Workstation (PAWS) developed by
Teledyne Brown Engineering (TBE) has successfullysupported the
firstand second Atmospheric Laboratory for Applicadons and
Science(ATLAS l,2) Spacelabmissionsfor NASA. The primary
PAWS objectivewas to provide realtimepointinginformationto
instruments whose line of sight is dependent on Shuttle anitude and
to study/quantify the causes and effects of Shuttle and payload
pointing errors. In addition to Shuttle IMU attitude information,
PAWS used atmospheric science sensors data to determine the
spacecraft attitude. PAWS successfully achieved these goals by
acquiring and processing data during the ATLAS 1, 2 mission.
This paper presentsthe auitudedeterminationalgorithm, realfime
processing,and resultsof postmission analysis.The findingsof
this study include the qualityof the horizon sensor and IMU
measurements as well as accuracy of attitude processor algorithm.
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1. Introduction
Spacecraft arc often used as a platforms for poinung insn'umcnts
at subjects of scientific interest. On the ATLAS series of
NASA/Spacelab missions several of the solar and astronomy
insn'uments arc attached to pallets mounted in the Space Shuttle bay
and have a fixed opticalaxis reladve to the Shuttle. Although some
aunospheric experiments have a non-fixed optical axis and can
move the line-of-sight to their science interests, they are also
dependent on the Shuttle attitude control system and the attitude
information from the spacecraft Irmrtial Measurement Unit (IMU) to
achieve the desired scientific goals. Instrument pointingerrors axe
caused by thermal, mechanical, calibration, Shuttle attitude control
systemimpexfcctionsand theIMU drift.The consequenceofthisis
thatalthough the Shuttle'satdtudeinformationindicatesthatthe
instrumentisviewing theintendedtarget,thisisneverexactlyu'ue.
These uncontrollablepointing errors sources perturb the
insn'umcnt'spointingand orientthe opdcalaxissomewhat off the
desired. Also, the unknown bias of IMU attiludc informafion can
inn'oducc significant error in science data analyses, especially for a
remote sensing experiment.
During the atmospheric science segments of the ATLAS
missions the Shuttle was flown in a bay to earth, tail or nose into
the velocity vector amtude. This local ardtudc was maintained for
up to 10 hours at a dnm since it is the optimum for insmn'nents
studying the earth's aura)sphere continuously. All of the ATLAS
instruments are critically dependent upon Shuttle IMU atlimde
information. For instance, the Millimeter-Wave Ammspberic
Sounder (M.AS) is a passive total power microwave radiometer-
specn'ometerfor Earth limb observations from space. It measures
the strength of millimeter waves radiation emitted by various
constituents in the atmosphere in the height range between 20 krn
and I00 kin. This remote sensing experiment needs Shuttle slam
vector (position and velocity) and its attitude quaternion to
determine the spatial sensinglocation. The Shuttle's on-board state
vectors along its flight trajectory are constantly updated based on
TDRSS and the ground station tracking. Shuttle ¢ajectory deviation
isbelieved wellwithinthe errorbudgets. Howcv_ Shuttleattitude
inforrnationreliestotallyonitsown IMU. The advertisedShuttle
IMU accuracy is :L-0.5 degrees (3 sigma) with resolution of x'-O. l
degree. A x"0.1 degrve error in roll can introduce about 6 kilometer
altitude error at 300 kilometer altitude orbit during the earth limb
observation. This error magnitude is unacceptable for the MAS
_p_'imcnt.
The primary PAWS objective is to refine the accuracy of ardmde
knowledge by using existing on-board scientific inslrument data as
pointing information. Since the Shuttle was not pointing a specific
axis for atmospheric targets (other than the center of the earth), the
optical axis of some inslrun_nts are designed to acquire and rack
the targetsof scientificinterest.A survey of the atmospheric
instrumentsflyingon ATLAS lby thePAWS tcamdetermined that
the Grille experiment was the only atmospheric sensor with
adequatepointingknowledge to be useful. However, in order to
constructa complete coordinateframe definingthe insu'ument's
platformattitudeitrequirespointinginformationfrom anothertarget
besides Grille. This is due to the fact that the insu'uments an:
pointing devices which basically can only define an axis in space.
Fortunately, two Horizon Sensors (HS's) were located on the aft
pallet of the ATLAS 1 mission. These devices were designed to
provide precise a_tude information based on the actual limb of the
earth. Since Grille and HS have two differcm targets, the sun and
earth limb respectively, a Grillc/HS attitude processor was
developed to dctcrrninc attitude information from instrun_nts during
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theloca_attitude hold. The GriLle/HS anltude p_r can compute
the spacecraft platform attitude scmi-independcntlyof IMU data by
combining these two pieces of pointing information. This paper
first briefly describes both Grille and Horizon Sensor hardware.
Then the ma_cal model for the OdlledHS atzimdc processor is
presented. Also an attitudedetennination algorithm by using single
sensor data with partial IMU measurement will be discussed.
Finally, the horizon sensor measurement data was examined and the
attitude determination processor results were compare with IMU
outputs.
2. Grille and Horizon Sensor Instrument Descriptions
Grille Specrrame_r
Grille is an experitmmt designed and built by Belgian Institute
for Space Acronomy and National Institute for Aerospace Studies of
France [1]. The Grille Spectromet_measures the absorption of
infrared radiation during orbital sunrises and sunsets.
spectrometer operates in the wavelength range from 2.5 to 10
micro-meters. The light coming from the Sun through the Earth's
atmospheric limb or from the an'aospheric limb itself is reflected
toward a telescope by an adjustable rectangular plane _. The
telescope that transmits the light to the spectrometer has a 0.3-m
diameter and a 6-m focal length. Two detectors are used
simultaneously to cover the entire spectral range. All functions of
the instrument arc txogrmmmble through a microprocessor that is a
part of the instrument electronics. A built-in calibration light source
allows testing to be performed at any time before and during flight.
The instrument provides the measurement of the azimuth and
elevation angles of the Sun center based on the instrument frame
during observation. Both azimuth and elevation angle
measurements are the necessary inputs to the attitude determination
algorithm.
Horizon Sensor
ATLAS 1 Horizon Sensor (HS) hardware consists of two
Conical Scan Sensors (CSS) and a Conical Scan Electronics Unit
(CSE) [2, 3]. The BolornetcTof the CSS is an infrared detector
which is located at the focal point of the optical wedge. The HSs'
objective lens is coated with a filter-type ceadng which passes light
in the 13-16 micron region. This is in the infrared region of the
Electromagnetic Spectrum and stimulates the Bolomctcr. While the
field-of-view of the sensor head scans across the Earth and Space,
two distinct levels of radiation are reccivnd: (1) earth radiation
appears as a Black Body at approximately 240 degrees Kelvin; (2)
space radiation approximates a black body approaching 0 degrees
Kelvin.
The space-to-earth crossing generates a positive-going pulse
which enables the charging of two integrator circuits. The charging
of one circuit is terminated by a pulse which is generated within the
sensor. The other charging circuit is terminated by the earth-to-
space negative-going pulse. This process determines pitch and roll.
These two angles arc the other set of inputs necessary for the
Griilc/HS attitude determination algorithm.
3. Mathematical Model
Three-axis attitude determinanon is required to completely
describe a spacecraft attitude. This requires a complete knowledge
of two spacecraft-fixed body directions. However, at least three
independent measurements are needed. This section depicts the
procedures of constructing the attitude maa'ix or quaternion by
using an algebraic method with dual sensor measmemeots,
designated as CffilledHS processor, as well as using a single sensor
_t in conjunction with partial IMU data.
Dual Sensors Algorithm
Figure 3-1 illustrates the chines of the single axis altitude
determination of using two sets of sensors acquiring two
indcl0endent targets. In our case, they are the sun and the local earth
limb or the earth center. Both the Grille and horizon sensors are
mounted on the Shuttle payload bay along the spacecntft Y axis.
From the Grille experiment a half cone angle between the sun vector
and Grille axis _ is measured. From the horizon senuzrs, boeh
spacecraft roll, 0 and pitch, 0 are measured. The roll is the angle
between spacecraft body +Y axis and the local horizontal while the
pitch is the angie between spaeax:raftbody +X axis and the local
horizontal. Therefore, both _ and _ tmasmmments have a eonmum
axis, i.e. the body +Y and this common axis is one of the two
intersections formed by the Grille cone and the horizon sensor roll
angle cone.
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Figure 3.1 Illustration of intersections of sun and Z Nadir cones
Grubin [4] and Wertz [5] presents a simple algorithm of solving
intersecting two conical surfaces by using a geometric method. In
thisstudywe elected to use an algelraicmethod which isbased on
the rotation mauix representanon of the attitude.
Since the horizon sensor is mounted along Shuttle body Y axis
and most observations are in a Local Vertical and Local Horizontal
(LVLH) attitude hold, the LVLH frame is the most convenient to set
up as the reference coordinate system. Due to the earth oblateness
effect, both horizon sensor pitch and roll angies need to be corrected
to the reference LVLH coordinate frame, as illustrated in Figure
3.2. The horizon sensor cone is fotraed by assigning the cone's z
axis peAnts toward the earth center, i.e. nadir vector, with a half
cone angle,
ct= r,,/"_.- q_ (1)
where _ is the horizon sensor measured roll angle with earth
oblateness correction. The spacecraft body Y axis, therefore, lies
on the surface of this cone. This cone surface equation can be
expressed as
x_ +__z!=o
a2 b2 c2 (2)
where a, b and c are the semi-major axis, semi-minor axis and
height of cone, respectively. In our case a/c = b/c = tan(cx) and
Equatioa (2) becomes,
,,2 +y__Z_2 .z2.=0
tanCc02 tan(a)2 1 (3)
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Figure 3-2 Illuswation of earth oblateness effect
The second cone surface equation is for the sun sensor, i.e.
Grille in our case. Its surface equation can also expressed as
Equation 2 in its line-of-sight (LOS) frame with its z axis pointing
toward the sun. The x axis of the LOS frame is defined as the
orthogonai to the ZLO S axis lying in the LVLH horizontal plane.
The sun sensor cone equation is then transformed from the LOS
frame to the LVLH frame where the horizon sensor cone resides.
Therefore, the final cone surface equation for the sun sensor can be
written in a quadratic form as,
all x2 + a22Y2 + a33 z2 + 2al2xy + 2al3xz + 2a23YZ ffi O
with the wansformation matrix
(4)
I all a12 a13 t
A= a21 a22 a23
a3l a32 a33 (5)
and matrix A is
j.LV _ MLV TLosA = a,aLO$ IJ (6)
whereMLf_oVs is the wansformation malrix from the sun sensor LOS
frame to LVLH frame, and
MLosLV t.,LV
=:hi *MLDs (7)
M_ v is calculated through the spacecraft inertial state vect_
information, andMlLoS is constructed by knowing the sun center
vector at inertial frame, i.e. LOS as z axis and its pexpendieular xy
plane.
-...L_ 0
tan2_
D= 0 ...1--
tan2[3
0 0
0
0
-1
(8)
[3 is the sun sensor half cone angle. The spacecraft body +Y axis
also lies on this sun sensor cone surface. Therefore, the
intersections of two cones are the solutions of Equation 2 and 3 by
assigning z to a constant length of 1. Oncof these two solutions is
the body +Y axis vector in LVLH frame, designated as Ys,,. 3'he_
are several methods of selecting the true solution from a block of
data containing ambiguous solutions as discussed in Wertz [5].
There are: (I) to use priori estimation derived from a known initial
condition, (2) to correlate a block of solution and find solution with
high correlation, (3) to use continuous residual editing process. All
these methods are based on an inertial hold axis solution such as
spin axis. In our case the spacecraft continues maneuvering while
maintaining a LVLH hold, therefore, no such an inertial fixed axis
is available. However, since Shuttle downlinks IMU data, its
attitude data was available for comparing the two possible solutions.
The solution aligned closest to IMU data is assumed to be the
correct solution. This dependence make this algorithm not totally
IMU independent. Nevertheless, the objective is to conduct fine
atumde determination with high resolution sensor data in order to
study the pointing error source contributors.
The second measurement from the horizon sensor is the
spacecraft pitch angle which is defined as the angle between body
+X axis and the true local horizontal plane. Similar to the horizon
sensor roll angle, the earth oblateness corrected pitch angle, 0 is the
half cone angle with spacecraft body +X axis lying on the pitch
cone surface. This conical equation is the same as Equation (2)
with a/c = b/c = tan(e),
x,2 + y,2 Z,2ffi 0
tan(O)2 tan(0)2 1 (9)
Since the body +X axis, designated as XaLv lies on the surface of
this conicalequation,
_-B_,=(x', y', ±t)
and isnJsoperpendiculartothebody +Y axis,
Xs,vdot YB,v= 0 (I0)
Therefore,the solutionof body +X vector,X-ecvcan be found.
Finally,
Za,v=x-_, x FB,, 01)
Thuefore, the wansformation masrix from the spacecraft body frame
M_vto theLVLH frame, can be constructedas
The spacecraft body to inertial frame wansforrnation matrix can then
be calculated.
I I , MLVMe= MLv (13)
Consequently. the spacecraft inertial to body attitude quaternion can
be computed.
Single Sensor Algorithm
Another attitude determination algorithm was developed for a
single axis pointing information, such as a sun sensor in
conjunction of partial IMU attitude information. As mentioned
previously, one of the concerns about Shuttle pointing accuracy is
thermal effect. As one would expec_ that the body Y axis suffers the
least thermal bending. Therefore, the spacecraft body Y vector
computed from IMU amtude damwas used in conjunetion with the
sun sensor pointing data in determinate the spacecraft attitude
quaternion. Similarly, the combination of the computed IMU body
+Y vector and the horizon sensor pointing data can also determine
the spacecraft animde quaternion. Comparison of these three
solutions of attitude determination will be discussed in the next
section.
4. Data Transmission and Processing
PAWS realtimetelemen'ysubset consists of 160 words of 16
bits per word as described in French and Huang [6]. The
measurements of the subsetcome from two sources. The state
vectorsand IMU atfitudequate_nionas wellas theassociatedtime
tag are from the ShuttleGeneral Purpose Computer (GPC)
downlink through both Ku and S bands, known as Orbiter
Downlink (OD) dam. All Space.Jabpayload_ts including
Grille experiment and the horizon sensors measurements are
acquiredby on-board experimentcomputer and downlinked through
ExperimentComputer InputOutput (ECIO) datastream throughKu
band. ECIO datastreamisdowniinked atone hertzwithECIO rime
tag. The SpacclabMission Opcntion Controls (SMOC)located in
Huntsville,Alabama thenexuactsmcasurementsfrom both sources
and constructsa PAWS specificdata subsetand transmitsit to
PAWS stationthrougha RS-422 line.
One problem thatoccurredduringrealtimcoperationsisthe fact
bothOD and ECIO datahavedifferenttJrnctagsand theyareusually
not synchronized. Statevectorpropagationor interpolationis
then:fore requited for more accurate calculation. The PAWS
software receives the realtime data suem_ unpacks
the frame, converts data to engineering units and validates the
values. The anitude processor then computes the auimde quatemion
based oa the science data and the bias of this quaternion from the
IMU platform. These values arc then displayed on the PAWS
realfime graphics screen, the PAWS displays are broadcast
thnmghout the SMOC via a video network available for othe_
PrincipalInvestigators(Pls).
5. Results and Discussions
PAWS has supported for two Spacelab mission, ATLAS I and
ATLAS 2. ATLAS I was launchodon March24, 1993, 13:13:40
GMT with 296.1km altitude and 57 degree inclinanon while ATLAS
2 was launchon on April 8, 1994, 05:29.'00 GMT with 293 km
altitude, 57 degree inclination. Horizon sensors were flown in both
missions and provided a large amount of data for post mission
analysis. However, the Grille experiment which provides the sun
to PAWS for the attiRzle _ flew only on
the ATLAS I mission. This section first presents the cbam_eristics
and quality of the horizon sensor measurements as well as the on-
board IMU measurements. Then the results of attitude processor
solutionsarediscussed.
Horizon Sensors vs. IMU
As mentioned previously, a typicalShuttle attitude for an
ammsphoricexperiment is an LVLH hold with payload bay facing
toward the earth, a so called -Z Nadir/+XVV or -XVV attitude. A
typical duration for this anitude hold is about 10 to 15 hours before
next IMU alignment. Figures 5-1, 2 shows the horizon sensor
measmements, pitch and mU, respectively, for a typical continuous
observation period during Acquisition Of Signal (AOS). There are
a few damdropout periods in this observation. Both the IMU and
HS data match well and the plot clearly illusa'axes the a-'itude control
deadband of +_ degrees for this period. The two horizontal dashed
lines in each of the plots indicate the Sun/Moon A and B flags,
respectively. When flag A and B value in the plot departs from + 2
or -2 this indicates the Sun or Moon appears in the horizon sensor A
or sensor B field of view, respectively and the horizon sensor
operation switches from the dual sensor mode to the single sensor
mode accordingly.
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Figu_ 5-1 Raw horizonsensorpitchdatavs.IMU derivedpitch
As "shown in the figures, when the Sun/Moon occurs, the
horizon sensor output deviates from the IMU dam significantly
(MET 146.1 to 146.2). This differenceindicatcs the accuracy
variation between the dual sensor mode and the single sensor mode.
Consequently. if the Sun/Moon flag switches on and off quite
frequently (MET 146.8 m MET 147.9) it creates high fluctuations
(the combination of high frequency and higher magnitude changes)
in the outputs of both pitch and roll attitndecrror values. This is
extremely critical for an on board instrument, such as MAS which
uses the horizon sensor as a pointing reference. An on-hoard
software filtering function is available in Experiment Computer
Application Software (ECAS) for correcting this problem.
I I
Ill II
J
I
t,a.e tel.t ,o.e 1,1.1
Figure 5-2 Raw horizon sensor roll data vs. [MU derived roll
A study was pcrforn_ to compare the performance of the
horizon sensor to the IMU derived local attitude errors. All of the
horizon sensor data examined here is the output when it was in a
dual sensor mode with no Sun/Moon interruptions. Figure 5-3
shows the difference between the IMU derived data and the horizon
sensor raw data in roll. The sinusoidal error shown in the plot is
expected as the IMU derived roll is based on the a spherical earth
while the horizon sensor measures true earth limb which is actually
a spheroid. The effects of the earth oblateness on pitch and roll
measurements depend on the spacecraft altitude, latitude and line-of-
sight angle relative to spacecraft body frame. In this study, an
reference spheroid earth model with a flattering factor of f =
1/298.257 was used to correct the earth oblatene_ effects. The
magnitude of the earth oblateness effect on the roll angle is about
i-0.16 degree for ATLAS I orbit. Figure 5-4 shows the roll angle
difference between the horizon sensor and IMU derived roll when
the earth oblateness is corrected. However, a sinusoidal error
between the horizon sensor and IMU measurements still appears in
Figure 5-4. The same phenominum also occurs in the MAS
and ATLAS 2 HS data+
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Figun:5-4 Rolldifferencebetween horizonsensorroll and
oblateness corrected IMU roll
Another suspect of contributing this error is IMU gym drift.
Gyro drift magnitudes are documented for very Shuttle fright
whenever IMU alignment is conducted. In order to study the gyro
drift effects on the attitude measurement during this LVLH hold
attitude, a six degree-of-freedom (6 DOF) trajectory code,
SAMSON ['7] was used to simulate the ATLAS 2 orbit between two
consecutiveIMU alignment periods, GMT 7:45, April 10 and
GMT 21:12, April 10, 1993. The drift occurs mostly along roU
axis and drift rate is about 0.024 degree/hour. The solid line of
Figure 5-5 indicates the roll error contributed by the gyro drift
during this perkxL The roll error appears also in a sinusoidal form.
This is due to the drift is along an inertial axis, therefore, when a
spacecraft is in -Z Nadir/+X'VV hold the drift effect propagate to the
roll and yaw axis with a period of one orbit. The roll error between
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Figure 5-3 Roll difference between raw horizon sensor and IMU Figure 5-5 Roll difference data vs. IMU drift model
ATLA_S2 horizon sensor measurement and IMU data with
oblateness correction were also shown in Figure 5-5. Although the
variation of this horizon sensor roll error coincides with simulated
data, the magnimdeis biased by -0.15 degree. When the simulated
data is shifted-0.15 degree to the raw horizon sensor data as shown
in Figure 5-6, the data matches very closely. This 0.15 degree error
could be due to cloud cover effect, sensor misalignment and/or a
thermal bending to the spacecraft since the on-board IMU is
mounted about 40 feet away frum the sensor location. The standard
deviation value for the HS roll variation is about 0.0g degree. With
an appropriate filtering function, this variation can be further
reduced.
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Ngm¢ 5-6 Comparison roll diffeacnce data with -0.15 degree
sififted simulation data
AMmde Proce.vsor Re.suits
As mentioned in Section 3, the three-axis attitude determination,
Grille/HS anltude processor can only function when both Grille and
the horizon sensor have valid measurements at the same time. Its
accuracy relies totally on the accuracy of both Grille and the horizon
sensor. Although the horizon sensor acquires measurements during
most of the LVLH attitude hold period, the Grille instrument was
only interested in the brief time period during orbital sunrise and
sunset This an'_unted to about 5 minutes of data twice per pass.
Unfortunately, most of those observations were not Ku band
communication covered, consequently, no re.altime downlink was
available. Only six observation data sets were gathered by PAWS
during ATLAS I mission, and the amount of data was not enough
for detailed long period trend analysis. However, the Grille/I-IS
attitude processor did function and perform well. In addition to the
Griile/HS processor, there are a Grille and a HS attitude processors
which compute attitude based on their individual measurements.
Figure 5-7 shows the result from these three different attitude
processors.
In order to compare these three processors, the on-board IMU
framewas chosen as the reference frame. Results shown in Figure
5-7 represent the attitude difference between each of the three
attitude processors and the referenced IMU frame. As shown in
Figure 5-7, the IMU semi-independent attitude processor Grille/I-IS
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Figu_ 5-7 Attitude difference from attitude processorstoIMU
matches the IMU attitude fairly well with near zero difference in
pitch, -0.1 degree difference in roll and 0.8 degree in yaw. All roll,
pitch, yaw differences again are based on the on-board IMU
reference frame.
As mentioned in Section 3, the two single sensor anitude
processors (Grille and HS) require a piece of IMU information
(IMU body Y axis). Figure 5-7 shows the HS attitude processor
has near _ pitch and -0. I degree roll difference from IMU
attitude. Ualike GrilledI-IS processor, HS has no independent yaw
informatioabecaus¢ it is assumed that the HS Y axis coincides with
IMO body Y axis.
The Grille attitude processor has about 0.7 degree pitch and -0.4
degree rolleff from IMU platform. Similar to HS. the Grille yaw
diffcrencc m IMU is assumed zero.
As discasscd previously, the IMU itself has drift and other
random walk errors, and there is no way of knowing the true
spacecraft atdtu_ which defines the tree error for Grill/l-IS attitude
processor. Also both the horizon sensor and Grille has their own
measurcmoatcrror as well as mounting misaligument error, time
tagging difference between GPC and ExperirnentComputer. This
aggravates the Grille/I-IS three-axis attitude determination accuracy
problem. Nevertheless, based on the six observation data sets
acquired by PAWS, the difference is about 0.2 degree in pitch and
roll, 0.9 degree in yaw. These numbers are within the estimated
error bound listed in the SEASAT mission experience [2] which
uses similar HS and Sun sensors for attitude determination.
6. Cohclusions
Although the available processing time for the Grille anitude
processor was very brief, the concept of extracting attitude
information from an atmospheric science instrument was
demonstrated. While the PAWS Grille/I-IS attitude processor works
flawlessly, its accuracy can be aggravated when eitherHS or Cnille
pointing deviates. Nevertheless, the unique Grille/HS anitude
processor demonstrated the feasibility of realtime a_tude
determination from two pointing instruments. This algorithm is
original resulting from [he PAWS work and was proven using
realtime flight data.
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